PURPOSE. Dedifferentiation of retinal pigment epithelial (RPE) cells is a crucial event in the pathogenesis of proliferative vitreoretinopathy (PVR). This study was designed to improve the understanding of RPE cell dedifferentiation in vitro. The protein expression pattern of native differentiated RPE cells was compared with that of cultured, thereby dedifferentiated, RPE cells. METHODS. Differentiated native human RPE cells and monolayers of dedifferentiated cultured primary human RPE cells were processed for two-dimensional (2-D) electrophoresis. Total cellular proteins were separated by isoelectric focusing using immobilized pH gradients (IPG 3-10) and electrophoresis on 9% to 15% gradient polyacrylamide gels. Proteins were visualized by silver staining. Silver-stained gel spots were excised, digested in situ, and analyzed by matrix-assisted laser desorption ionization time of flight (MALDI-TOF) mass spectroscopy (MS). The resultant peptide mass fingerprints were searched against the public domain NCBInr, MSDB, and EnsemblC databases to identify the respective proteins. RESULTS. One hundred seventy nine protein spots were analyzed and classified into functional categories. Proteins associated with highly specialized functions of the RPE, which are required for interaction with photoreceptor cells, including RPE65, cellular retinaldehyde-binding protein (CRALBP), and cellular retinol-binding protein (CRBP), were absent in dedifferentiated cultured RPE cells, whereas proteins involved in phagocytosis and exocytosis, including cathepsin D and clathrin were still present. Dedifferentiated RPE cells displayed a strong shift toward increased expression of proteins associated with cell shape, cell adhesion, and stress fiber formation, including cytokeratin 19, gelsolin, and tropomyosins, and also acquired increased expression of factors involved in translation and tumorigenic signal transduction such as annexin I and translation initiation factor (eIF)-5A. CONCLUSIONS. Dedifferentiation of human RPE cells in vitro results in downregulation of proteins associated with highly specialized functions of the RPE and induces the differential expression of proteins related to cytoskeleton organization, cell shape, cell migration, and mediation of proliferative signal transduction. These in vitro data suggest that the dedifferentiated status of RPE cells per se may initiate PVR. Further investigation of candidate proteins may identify additional targets for treatment or prevention of diseases associated with RPE dedifferentiation. (Invest Ophthalmol Vis Sci. 2003;44: 3629 -3641) 
I n the adult, the retinal pigment epithelium (RPE) is a mosaic of polygonal, postmitotic cells interposed between the choroid and the neural retina and serves as the outer blood-retinal barrier regulating retinal homeostasis and visual function. 1, 2 The apical side of RPE cells closely associates with the outer segments of cones and rods, whereas the base of the cell attaches to Bruch's membrane. Normally RPE cells form a quiescent monolayer, but they retain the ability to divide and do so when placed in culture 2, 3 or when participating in wound repair. RPE cells proliferate readily in vivo in response to a variety of stimuli such as photocoagulation and/or retinal cryotherapy. 4, 5 In mild injuries, involving only the RPE and photoreceptor cells, proliferating RPE cells quickly reestablish a continuous monolayer. 6, 7 However, after severe injury that may be associated with ocular trauma or retinal detachment, RPE cells can be detached and consequently found in the vitreous. Once in this new environment, RPE cells have been shown to dedifferentiate and exhibit a pseudometaplastic transformation into fibroblast-like, spindle-shaped cells, which become actively dividing and migratory. 1,8 -11 These processes are considered to be key events in the onset of proliferative vitreoretinopathy (PVR). [12] [13] [14] [15] [16] [17] [18] [19] In an animal model of PVR, Radtke et al. 19 demonstrated that when RPE cells are injected into the vitreous, they cause the formation of contractile vitreal and periretinal membranes. However, this effect is more pronounced when cultured, thus dedifferentiated, RPE cells are injected than when freshly isolated native RPE cells are placed in the vitreous cavity.
Adult human RPE cells in culture escape growth arrest and fail to maintain a differentiated morphology and 20 rapidly dedifferentiate at the molecular level, and markers of RPE differentiation such as RPE65 and RET-PE 10 quickly become undetectable. 21, 22 It has also been reported that expression of intermediate filaments is altered when the cells take on fusiform morphology 23, 24 and that polarity may be partially lost. [25] [26] [27] Thus, dedifferentiated proliferative RPE cell cultures have been used to study the very early phases of PVR, both in vitro and in vivo. 16,19,28 -32 However, the molecular changes associated with dedifferentiation of RPE cells per se are not well understood, and to our knowledge, the overall cellular proteome of native differ-entiated RPE cells has not been characterized to date. The goal of the present study was to gain better understanding of the process of RPE cell dedifferentiation in vitro. We therefore took a proteomic approach to investigate the shift in the overall protein expression pattern between differentiated native human RPE cells and dedifferentiated cultured RPE cells. With this approach we attempted to screen for the most prominent dedifferentiation-related changes in several functional groups simultaneously. The proteomic changes illustrated in this study clearly reflect the dynamic changes in the protein expression pattern associated with dedifferentiation of the RPE. Some of the identified proteins have been described to be associated with RPE dedifferentiation or PVR, whereas other proteins may be newly linked with RPE dedifferentiation and proliferation and have not yet been described in the RPE.
MATERIALS AND METHODS

Isolation of Human RPE Cells
Eyes from eight human donors were obtained from the Munich University Hospital Eye Bank and processed within 4 to 16 hours after death. The average donor age was 46 Ϯ 6 years. None of the donors had a known history of eye disease. Methods for securing human tissue were humane, included proper consent and approval; complied with the Declaration of Helsinki, and were approved by the local ethics committee. Human retinal pigment epithelium (RPE) cells were harvested according to a procedure described previously. 33 In brief, whole eyes were thoroughly cleansed in 0.9% NaCl solution, immersed in 5% poly(1-vinyl-2-pyrrolidone)-iodine (Jodobac; Bode-Chemie, Hamburg, Germany), and rinsed again in the sodium-chloride solution. The anterior segment from each donor eye was removed, and the posterior poles were examined with the aid of a binocular stereomicroscope to confirm the absence of gross retinal disease. Next, the neural retinas were carefully peeled away from the RPE-choroid-sclera with fine forceps. The eyecup was rinsed with Ca 2ϩ and Mg 2ϩ -free Hanks' balanced salt solution and filled with 0.25% trypsin (Invitrogen/Gibco, Karlsruhe, Germany) for 30 minutes at 37°C. The trypsin was carefully aspirated and replaced with Dulbecco's modified Eagle's medium (DMEM; Biochrom, Berlin, Germany) supplemented with 10% fetal calf serum (FCS; Biochrom). The medium was gently agitated with a pipette, releasing the RPE into the medium by avoiding damage to Bruch's membrane. The suspended RPE cells were then transferred to a 35-mm 2 Petri dish and checked by microscope for cross contamination.
Human RPE Cell Culture
The RPE cell suspension was transferred to a 50-mL flask (Falcon, Wiesbaden, Germany) containing 20 mL of DMEM (Biochrom) supplemented with 20% FCS (Biochrom) and maintained at 37°C and 5% CO 2 . Epithelial origin was confirmed by immunohistochemical staining for cytokeratin (CK) using a pan-CK antibody (Sigma-Aldrich, Deisenhofen, Germany). 34 The cells were tested and found free of contaminating macrophages (anti-CD11; Sigma) and endothelial cells (anti-von Willebrand factor, Sigma-Aldrich; data not shown). After reaching confluence, primary RPE cells were subcultured to passages 2 to 3 and maintained in DMEM (Biochrom) supplemented with 10% FCS (Biochrom) at 37°C and 5% CO 2 . Cells were grown on plastic 10-cm tissue culture dishes until they had reached no more than 80% to 90% confluence, to assure that they are still in a proliferative, presumably dedifferentiated, state, and were then maintained under serum-free conditions for 48 hours to reduce the influence of serum stimulation.
Sample Preparation
For preparation of protein lysates from native RPE cell preparations, suspensions of freshly isolated human RPE cells were transferred to a 2.0-mL microcentrifuge tube and washed twice in Ca 2ϩ -Mg 2ϩ -free 1ϫ phosphate-buffered saline (PBS; pH 7.4), followed by centrifugation at 800 rpm for 5 minutes. Cell pellets were then resuspended in nanopure water containing a protease inhibitor cocktail (Complete Mini; Roche Diagnostics, Inc., Mannheim, Germany) and snap frozen in liquid nitrogen. Cells were then disrupted by grinding with a Teflon glass homogenizer (Braun Biotech International, Melsungen, Germany), lyophilized, and stored at Ϫ80°C for future use. Proteins were solubilized in denaturing lysis buffer containing 9 M urea (Merck, Darmstadt, Germany), 2 M thiourea (Merck), 4% 3-([3-cholamidopropyl]dimethylammonio-2-hydroxy-1-propanesulfonate (CHAPS; Sigma-Aldrich), 1% dithioerytherol (Merck), 2.5 M EGTA (Sigma-Aldrich), 2.5 M EDTA (Sigma-Aldrich), and protease inhibitors for 4 hours at room temperature (RT). To minimize interindividual differences in native human RPE, protein lysates from five age-matched donor eyes were pooled.
For isolation of whole cellular protein extracts from RPE cultures, cells were washed once with serum-free medium, followed by a wash in 1ϫ PBS (pH 7.4) and a third wash in 0.5ϫ PBS to reduce contamination with salts. Subsequently, cells were collected and lysed in denaturing lysis buffer, as described earlier. Lysates were then cleared by centrifugation at 22,000g for 45 minutes at RT. Protein concentrations were determined by the Bradford protein assay reagent (Bio-Rad, Munich, Germany). Freshly prepared lysate containing 125 g total protein was loaded onto each gel.
Two-Dimensional Electrophoresis
First-dimension isoelectric focusing (IEF) was performed with precast 18-cm immobilized pH gradient (IPG) strips (18 cm Immobiline Dry-Strip 3-10 NL; Amersham Pharmacia Biotech, Braunschweig, Germany). IPG strips were rehydrated overnight with 125 g protein diluted to 350 L with reswelling solution (9 M urea, 2 M thiourea, 4% CHAPS, 2.5 M EGTA, 2.5 M EDTA, 1% DTE, 4 mM Tris, 0.25% (wt/vol) bromophenol blue (BPB), and 0.7% (vol/vol) IEF ampholytic carriers (Pharmalytes pH 3-10; Amersham Pharmacia Biotech). IEF was performed at 20°C with a commercial system (Multiphore II; Amersham Pharmacia Biotech), with the initial voltage limited to 50 V (2 hours) and then increased stepwise to 8000 V and held until 101 kV/h was reached. Immediately after IEF, the IPG strips were equilibrated for 10 minutes in buffer containing 6 M urea, 2% SDS, 50 mM Tris-HCl (pH 6.8), 30% glycerol, and a trace of BPB under reducing conditions (65 mM DTE added), followed by another 10-minute incubation in the same buffer under alkylating conditions (135 mM iodoacetamide added). Equilibrated IPG strips were then placed on top of 9% to 15% linear gradient polyacrylamide gels 20 cm ϫ 18 cm ϫ 0.75 mm in size and embedded in 0.5% agarose (Serva, Heidelberg, Germany) in running buffer (384 mM glycin, 50 mM Tris, 0.2% SDS) and electrophoresed at a constant current of 8 mA/gel at 10°C, until the dye front had reached the bottom of the gel (approximately 16 hours). All gels were silver stained 35 and dried between cellophane sheets.
Image Analysis
Of the 12 silver-stained gels per cell type (native RPE; dedifferentiated cultured RPE), the 3 best focusing results were selected for calculating a virtual average gel on computer (Z3 software package; Compugen, Haifa, Israel). The computational calculation of virtual average gels reduced spot variations in individual gels from one sample resulting from limitations in two-dimensional electrophoresis (2-DE) reproducibility. Because spot integration of more than three gels from a given sample resulted in reduced quality of the virtual average gel, no more than three 2-DE gels per cell type were included in the virtual average gel. To create the virtual average gel, silver-stained 2-DE gels were scanned at 12 bit/300 dpi. Scans were then matched for each of the two cell types, using 42 to 56 common spots as landmarks, and processed on computer (in the Z3 Raw Master Gel [RMG]mode; Compugen). Next, spot detection was performed on each RMG by image analysis software (PD-Quest; Bio-Rad). RMGs from a given experimental condition (differentiated native versus dedifferentiated cultured RPE) were analyzed manually to determine quantitative and qualitative differences in protein expression, because computer-assisted software comparison failed to integrate the rather diverse protein patterns stemming from differentiated native versus dedifferentiated cultured RPE.
In-Gel Digestion and MALDI-TOF Analysis
Central areas (2 ϫ 2 mm) of silver stained spots were excised from dried 2-DE gels, transferred to 96-well plates (Nunc 22-260; Nunc, Wiesbaden, Germany), rehydrated in 100 L nanopure water for a minimum of 30 minutes, destained with 30 mM potassium ferricyanide (Sigma-Aldrich) and 100 mM sodium thiosulfate (Merck), 36 and washed three times in 100 L 40% acetonitrile (15 minutes each) to extract residual water. Acetonitrile was then removed, and a 10-L digestion solution containing 0.01 g/L trypsin (Sequencing Grade Modified Trypsin; Promega, Mannheim, Germany) in 1 mM Tris-HCl (pH 7.5) was added for enzymatic cleavage.
After incubation under humid conditions at 37°C for 12 hours, 0.5 L aliquots of the tryptic digests were mixed with 0.5 L matrix consisting of 2,5-dihydroxybenzoic acid (Sigma-Aldrich; 20 mg/mL in 20% acetonitrile and 0.1% trifluoroacetic acid [TFA]) and 2-hydroxy-5methoxybenzoic acid (Fluka, Buchs, Switzerland; 20 mg/mL in 20% acetonitrile and 0.1% TFA) at a 9:1 ratio (vol/vol) and spotted onto a 400-m anchor steel target (Bruker-Daltronik, Bremen, Germany). MALDI-TOF peptide mass fingerprints were obtained on a mass spectrometer (Reflex III; Bruker-Daltronik) equipped with an ion source. Mass analyses obtained in the positive ion reflector mode were run automatically. For calibration, angiotensin-2-acetate (M r 1046.54), substance P (M r 1347.74), bombesin (M r 1619.82), and ACTH 18-3 (M r 2465.20) were recorded. Internal calibration using peptides resulting from autodigestion of trypsin was also performed.
Database Research
Trypsin specifically cleaves proteins at the C terminus of lysine and arginine residues, thereby generating a fingerprint of peptide masses that can be searched in databases. Database searches were performed with the assistance of commercial software (Mascot software; Matrix Science, London, UK). 37 Parameter settings were 150 ppm mass accuracy with one miscleavage allowed, and the search was performed in all available mammalian and, in assorted cases, all eukaryotic sequences. Peptide mass fingerprints (PMFs) were searched for matches with the virtually generated tryptic protein masses of the protein databases NCBInr (http://ncbi.nih.gov/ National Center for Biotechnical Information, Bethesda, MD), MSDB (csc-fserve.hh.med.ic.ac.uk/ msdb.html/ Proteonomics Department, Hammersmith Campus, Imperial College, London, UK), and EnsemblC (http://www.ensembl.org/ Sanger Centre, Hinxton, UK). A protein was regarded as identified, if the following four criteria were fulfilled: (1) the MOWSE score 38 (http:www.hgmp.mrc.ac.uk/ Molecular Weight Search, Human Genome Mapping Project Resource Centre, Sanger Centre) was above the 5% significance threshold for the respective database, (2) the matched peptide masses were abundant in the spectrum, (3) the theoretical isoelectric point (pI) and the molecular weight (M r ) of the search result could be correlated with the 2-DE position of the corresponding spot, and (4) the matched sequence did not contain more than 20% uncleaved peptides. Functional classification was based on the classification provided in the TrEMBL (http://embl-heidelberg.de/ European Molecular Biology Laboratory, Heidelberg, Germany) and SwissProt protein knowledge databases (http://www.expasy.org/ Swiss Institute of Bioinformatics, Geneva, Switzerland). All databases are provided in the public domain by the host institutions.
RESULTS
2-DE and Image Analysis
It was the main objective of this study to identify those proteins that are differentially expressed as a result of RPE dedif-ferentiation in vitro. To probe this proteomic shift, 2-DE gels of differentiated native and dedifferentiated cultured human RPE cells were analyzed. Figures 1 and 2 show the computationally estimated average RMG images of differentiated native RPE cells ( Fig. 1 ) and of dedifferentiated cultured RPE cells ( Fig. 2) . Spot identification by the image analysis software (PD-Quest; Bio-Rad) allowed for the resolution of 1985 to 2014 spots in the RMGs of both cell types. Although 2-DE gels from differentiated native and dedifferentiated cultured RPE cells exhibited certain identical protein expression profiles, the images were too different to apply a computational comparative image analysis. For this reason, RMGs were manually compared, and the most distinct differentially expressed proteins were chosen for protein identification. Furthermore, randomly selected highabundance protein spots found in both cell types were excised to serve as landmark proteins.
Protein Identification
Proteins were identified from 71 of 88 gel spots excised from 2-DE gels of native RPE and from 62 of 91 gel spots cut from the cultured RPE cell samples, for an average spot identification yield of 74%. For 20% of the remainder, the MS data were of insufficient quality, and protein identification was not possible. Another 3.1% could not be identified because of contamination of the tryptic digests with keratins, and no identity could be assigned to a further 2.9% despite good MS data, most likely because there was none of the respective sequences in the databases used.
Identified proteins, accession numbers, and SwissProt entry names are listed in Tables 1 and 2 . Theoretical M r , pI, percentage of sequence coverage, probability based MOWSE score, and functional category are also included. In addition, the spot numbers are assigned on the individual RMG images in Figures 1 and 2.
As seen before from 2-DE analysis, 25 proteins of a total of 90 different proteins identified were found in multiple spots on several positions on the gel. For example, two spots were found at the same M r but separated by approximately 0.5 pH units (N62,N63 cathepsin D; N31,N35 F1-ATPase-␤ chain), and one protein was found at different M r s but with the same pI (C4,C18; glucosidase II). Finally, four proteins were identified at slightly different M r s and pIs (N58,N61 CRALBP; N5,N7 mitofilin; C45,C46 14-3-3 protein; C41,C42,C43 tropomyosin alpha, tropomyosin 4, tropomyosin alpha 3 chain.), suggesting the presence of different isoforms. These patterns clearly differed from a more frequently observed configuration, where spots were aligned like strings of pearls. This was observed for 15 proteins, which are represented with a series of two to three different spots, close together in a row (e.g., N14,N15,N19 annexin VI; N27,N28 S-arrestin; N22,N23 RPE65; C29,C30 ␣-enolase; C32,C33 CK 18). Such a series of spots is probably due to glutamine deamidation, chemically induced during the 2-DE procedure and resulting in differentially charged proteins rather than different protein isoforms. 39 We also mapped one protein (N1 cathepsin D) at a position on the gel that indicated a greater M r than predicted and another two spots (C11 LIM-motif containing protein kinase; C31 eIF-4A I ) appeared at a pI different from the predicted one. In addition, retinal pigment epithelial membrane receptor (N34) was annotated at a position that differed in M r and pI from the predicted values. Computer assisted sequence analysis identified this protein as a bovine isoform of RPE65, in this case, probably representing a partially processed stable fragment with different M r and pI.
Comparison of the Differentiated Native RPE Proteome with That of Dedifferentiated Cultured RPE Cells
Overall the proteome of native and cultured RPE cells displayed a high degree of similarity, but at the same time striking distinguishing marks were apparent. Proteins were defined as differentially expressed if they could not be located to the corresponding position on the 2-DE gel of the other cell type. Expression below or above the detection limit of 2-DE technology was referred to as down-or upregulation of the respective proteins.
Expression Unchanged
In a first step, randomly selected high-abundance proteins that were located in identical positions and expression levels on gels of both groups were excised to serve as landmark proteins (Tables 1 and 2 ). Most of these proteins were found to be involved in metabolism (e.g., N71,C35 GADPH; N40,C55 triosephosphate isomerase). A high degree of similarity was also observed for molecular chaperones (e.g., N12,C12 heat shock 71 kDa protein) and antioxidant enzymes (e.g., N45,C49 glutathione S-transferase; N56,C50 peroxiredoxin 2). Good matching was found for the Ca 2ϩ -binding proteins annexin V (N59,C44) and annexin VI (N19,C8) and for several proteins involved in signal transduction (e.g., N56,C38; GTP-binding regulatory protein; N52,C45 14-3-3 protein epsilon). A good correlation between differentiated native and dedifferentiated cultured RPE was also observed regarding f1-ATPase (N31) and ATP synthase (N48), two mitochondrial enzymes contributing to oxidative phosphorylation, as well as for CK 8 (N53,C24), an intermediate filament protein characteristic of cells of epithelial origin. Furthermore, the lysosomal enzyme cathepsin D (N62,N63,C58) was identified in both cell types, although it appeared to be expressed at a lower level in dedifferentiated, cultured RPE.
Proteins Downregulated or Absent in Dedifferentiated Cultured RPE
Although most of the metabolic enzymes identified could be found in both, differentiated and dedifferentiated RPE, a considerable group of metabolic enzymes expressed in the native RPE proteome could not be located in the corresponding positions on 2-DE gels of dedifferentiated RPE (Table 3 ). These included functions in glycolysis (N29 fructose-bisphosphate aldolase; N32 neuronal gamma enolase), in the tricarboxylic acid cycle (N54 succinyl-CoA ligase), and in protein metabo- Approximately 125 g of protein was separated on an 18-cm, pH 3 to 10 nonlinear IPG strip, followed by 9% to 15% SDS-PAGE. The images are virtual average images calculated from three real gel images. Numbered spots were identified by MALDI-TOF MS and are listed in Table 1. lism (N26; prenylcysteine lyase). High-abundance proteins exclusively identified in differentiated RPE included interphotoreceptor retinoid-binding protein (N3; IRBP), an all-trans retinol and 11-cis retinal-binding protein located in the interphotoreceptor matrix, cellular retinol-binding protein (N51, CRBP), RPE65 (N22,N23) and cellular retinaldehyde-binding protein (N58,N61; CRALBP), all of which are involved in retinoid metabolism. Furthermore, we could not map the visual cycle proteins cone arrestin (N33,N36), S-arrestin (N27,N28), recoverin (N49), and phosducin (N60), as well as the mitochondrial motor protein mitofilin (N5,N6,N7) in 2-DE gels of cultured RPE. A significant difference was also observed in expression levels of mitochondrial proteins involved in electron transfer (N9,N10,N11 NADH-ubiquinone oxidoreductase; N37 ubiquinol-cytochrome-c reductase core protein I).
Proteins Upregulated in Dedifferentiated Cultured RPE
Marked upregulation in dedifferentiated RPE was found for proteins involved in cell shape, adhesion, exocytosis, and cytoskeleton formation. A summary of proteins upregulated in dedifferentiated RPE is provided in Table 4 . Specific functions are also included.
These include the F-actin binding proteins ␣-actinin-1 (C3) and -4 (C57), which anchor F-actin to a variety of intracellular structures, as well as coactosin (C60). Further, an enhanced expression of vinculin (C19), a protein involved in cell adhesion, was observed. The expression of intermediate filament proteins was also altered. Both, differentiated and dedifferentiated RPE expressed CK 8 (N53,C24) and 18 (C32,C33), whereas dedifferentiated RPE cells also expressed CK-7 (C25) and -19 (C36). Furthermore, dedifferentiated cultured RPE cells expressed three isoforms of tropomyosin (C41, C42, and C43), a protein associated with stress fiber formation. Cultured cells also displayed a high abundance of ubiquitin-protein ligase (C17), annexin I (C47), annexin II (C48), translation initiation factor (eIF)-5A (C59), and eIF-4A I (C31), which are expressed at lower levels or are missing in native RPE.
DISCUSSION
Proteomics refers to the study of the proteome-that is, the total protein complement of a genome. Unlike the genome, which is essentially the same in all somatic cells of an organism, the proteome is a dynamic entity that is not only different in different cell types, but also changes with the physiological Table 2 . Figure 1 . Accession numbers, protein name, and species identified are as listed in NCBInr, MSDB, and EnsemblC databases. Functional classification is based on TrEMBL and SwissProt classification. state of a cell. Ultimately, proteins expressed in dynamic compositions determine the phenotypic expression of genomic information. An important advantage of global protein expression profiling compared with individual gene regulation studies is the ability to monitor changes in several functional groups simultaneously. The objective of this study was to further elucidate differences in the protein expression profile of differentiated native compared with dedifferentiated cultured RPE cells and to use this information to clarify further the general understanding of ocular disease associated with RPE dedifferentiation. The data compiled in Tables 3 and 4 suggest that several biological processes were affected in the present study, and a few of these processes are discussed in this section.
Proteins Downregulated in Dedifferentiated Cultured Human RPE Cells
Phototransduction and Vitamin A Metabolism. In accordance with previous studies, 21, 22, 40, 41 we observed a down-regulation of proteins associated with retinoid metabolism (CRALBP, CRBP, RPE65, and IRBP) and the visual cycle (arrestin, recoverin) in dedifferentiated cultured RPE cells (for review, see Ref. 42 ). Whereas CRALBP, CRBP, and RPE65 are biochemical markers of RPE differentiation and rapidly become undetectable in culture, 21, 40, 41 identification of the latter ones in native RPE 2-DE gels may be due to photoreceptor crosscontamination of our RPE cell preparations. Despite extensive rinsing with PBS and repeated centrifugation at low speed, electron microscopy of consecutive sections revealed the presence of rod outer segment discs either in an intracellular location or bound to the RPE cell surface in our native RPE cell preparations (data not shown). The absence of IRBP, phosducin, brain-type fructose-bisphosphate aldolase, neuronal (gamma) enolase, and a retinal Ca 2ϩ -binding transporter in 2-DE gels from dedifferentiated RPE further substantiate this consideration.
Energy Metabolism. Differentiated native RPE also exhibited a high abundance of the respiratory chain components Spot numbers are indicated in Figure 2 . Data sources are described in Table 1 . NADH-ubiqinone oxidoreductase and ubiqinol-cytochrome-c reductase, 43 both of which appeared to be downregulated in dedifferentiated cultured RPE cells. This may reflect the reduced energy requirement profile under cell culture conditions as opposed to the high-energy requirements in native RPE. 44
Proteins Upregulated in Dedifferentiated Cultured Human RPE Cells
As expected, increased protein expression levels in dedifferentiated RPE cells can be attributed roughly to two functional groups: cytoskeleton remodeling and mediation of proliferative signal transduction. Cell Shape, Migration, and Adhesion. Proteins associated with the keratin cytoskeleton, actin function, and maintenance of cell shape and motility appeared to be highly abundant in dedifferentiated cultured RPE cells. In agreement with previous studies we observed an altered expression of intermediate filament proteins in dedifferentiated cultured RPE cells. 23 23 and has also been associated with migration in cultured human RPE cells. 45, 46 In premalignant and malignant epithelial lesions, 47 CK 19 was correlated with infiltrating characteristics and invasive ability.
In addition to alterations in intermediate filament expression, we observed an increased expression of cytoskeletonorganizing proteins in dedifferentiated RPE cells. These included ␣-actinin, which can bundle actin filaments into parallel arrays 48 ; gelsolin, an actin-binding protein that mediates rapid remodeling of actin filaments 49 ; tropomyosins, which are a main component of stress fibers in mesenchymal cells; and coactosin, a recently identified human F-actin-binding protein that has also been co-localized with stress fibers. 50 In cultured fibroblasts ␣-actinin, gelsolin, and tropomyosin have been shown to be heavily enriched in stress fibers, which mediate cell contraction and migration. 49 Furthermore, dedifferentiated RPE cells displayed an upregulation of vinculin, a protein involved in cell adhesion. 51, 52 Upregulation of these components may simply reflect a reorganization of the cellular cytoskeleton that is necessary for the cells to adopt to the new environment. Taken together, however, these changes may very well be coincidental with morphologic transformation and acquisition of migratory characteristics.
Cell Proliferation. A distinct observation from this study was the upregulation of proteins that can be attributed to cell proliferation. Annexins are a family of Ca 2ϩ -dependent phospholipid-binding proteins that seem to be important regulatory proteins with pluripotent and pleiotropic roles. All annexins share the property of binding to acidic phospholipids of cellular membranes, suggesting a role in membrane-related events, particularly in membrane organization, exocytosis, and endocytosis. 53 We observed a strong upregulation of annexin I and II in dedifferentiated RPE cells, whereas annexin V and VI expression levels remained unchanged. In contrast to the latter ones, annexin I is a substrate of protein kinases involved in the control of cell growth and is postulated to be involved in mitogenic signal transduction. 54 Annexin II is also phosphorylated by tyrosin kinases and by protein kinase C. 55 Both annexin I and II are significantly overexpressed in various human cancers, 53, 56, 57 during liver regeneration and transformation, 58 and in proliferating cultured cells. 54 Translation initiation factor (eIF)-4A I and eIF-5A were expressed at detectable levels in dedifferentiated RPE cells exclusively. eIF-4A I and eIF-5A belong to a group of proteins that control the initiation phase of eukaryotic protein synthesis. A series of observations suggest that these factors may also play major roles in the regulation of cell proliferation 59 and transformation (for review, see Ref. 60 ) Protein biosynthesis is one of the last steps in the transmission of genetic information on the basis of which proteins are produced to maintain the Initiation factor 5A (EIF-5A) (EIF-4D) Initiation phase of protein synthesis C60 CLP (fragment); Syn: Coactosin Actin-binding protein, colocalizes with actin stress fibers C61
Galectin-1 (beta-galactoside-binding lectin L-14-I) Involved in regulation of cell differentiation, adhesion C62 Thioredoxin Participates in various redox reactions Spot numbers are indicated in Figure 2 . Functional classification source is provided in Table 3 . specific biological function of a cell. Currently, an increasing body of data is emerging that shows that intervention in this pathway may be an additional target for antiproliferative strategies. 61, 62 Neither annexin I and II nor eIF-4A I and eIF-5A have been described to play a role in RPE proliferation or dedifferentiation. Clearly, further studies are needed to evaluate the significance of these factors in control of RPE proliferation in vitro and in the situation found in PVR.
CONCLUSION
In the recent years, several studies have been attempted to analyze differential gene expression using cDNA-microarray technology. However, a cell's physiological state is ultimately dictated at the protein level, and comparison of cDNA expression levels to protein levels often reveals discrepancies between these two global expression approaches, demonstrating that transcript levels cannot predict protein levels. 63, 64 Certainly, the inability to detect low-abundance proteins is a major drawback of the 2-DE technology. Despite this limitation, we were able to detect striking differences between differentiated and dedifferentiated RPE cells.
In the present study, we attempted to analyze dedifferentiated cultured RPE cells independent of ECM or serum stimulation in comparison with native differentiated RPE, and to draw conclusions about the potential role of RPE dedifferentiation in the onset of PVR. We are aware that the proper interpretation and clinical relevance of this study is limited by possible differences between cultured RPE cells and pseudometaplastic RPE cells in vivo, which are exposed to complex interactions that occur in the intraocular environment.
However, in summary, our data suggest a series of functional changes in dedifferentiated RPE cells in vitro, associated with the loss of RPE-specific functions, which add up to adaptive changes in cell phenotype toward a mesenchymal, migratory morphology, together with a high capacity to proliferate.
The results of this article focus attention onto a group of new proteins involved in cytoskeleton remodeling and cell proliferation, which may be involved in the initiation phase of PVR disease. Closer examination of these factors may lead to the definition of additional targets for treatment or prevention of ocular diseases associated with dedifferentiation and proliferation of RPE cells.
